Theranostic nanomedicine has emerged as a promising modality for cancer diagnosis and treatment. In this study, we report the fabrication of fluorescence gold nanoclusters (GNC) conjugated with a cisplatin prodrug and folic acid (FA) (FA-GNC-Pt) for fluorescence imaging and targeted chemotherapy of breast cancer. The physio-chemical properties of FA-GNC-Pt nanoparticles are thoroughly characterized by fluorescence/UV-Vis spectroscopic measurement, particle size and zeta-potential examination. We find that FA-modification significantly accelerated the cellular uptake and increased the cytotoxicity of GNC-Pt nanoparticles in murine 4T1 breast cancer cells. Fluorescence imaging in vivo using 4T1 tumor bearing nude mouse model shows that FA-GNC-Pt nanoparticles selectively accumulate in the orthotopic 4T1 tumor and generate strong fluorescence signal due to the tumor targeting effect of FA. Moreover, we demonstrate that FA-GNC-Pt nanoparticles significantly inhibit the growth and lung metastasis of the orthotopically implanted 4T1 breast tumors. All these data imply a good potential of the GNC-based theranostic nanoplatform for fluorescence tumor imaging and cancer therapy.
Introduction
Theranostic nanoparticles (NPs) can realize simultaneous cancer diagnoses and treatment, monitor the drug delivery and evaluate the treatment efficacy by integrating multiple imaging and therapeutic functions into one single nanoplatform. This might promote the clinical translation of cancer nanomedicine. (1, 2) Although promising, theranostic nanomedicine is still in its infancy due to the lack of suitable nanovectors to integrate distinct functions into one single platform. So far, inorganic nanoparticles including gold nanomaterials, (3, 4) quantum dots,(5) or superparamagnetic iron oxide (SPIO) nanoparticles(6,7) had extensively been investigated for photothermal cancer therapy, fluorescence or magnetic resonance imaging (MRI) of the solid tumors. Inorganic nanoparticles coated with a polymer or protein layer had also been exploited for noncovalent drug loading and combinational cancer therapy. (8, 9) However, these nanoparticles have not yet achieved wide clinical application due to the concerns about their long-term safety and surface-dependent drug-loading property.
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In addition to these inorganic nanoparticles, several organic nanoparticles including paclitaxel (PTX)-loaded polymeric micelles (e.g., NK105),(10) Doxorubicin/cisplatin-loaded liposomes (Doxil/Lipoplatin), (11, 12) and PTX-loaded human serum albumin nanoparticles (Abraxane, (13) ) have been approved or in phase III clinical trial for cancer therapy due to their superior biocompatibility, long blood circulation and high drug-loading capacity. Unfortunately, these nanoparticles tend to accumulate in the liver and spleen because of the nonspecific capture by the reticuloendothelial system (RES). (14, 15) Moreover, these nanoparticles intrinsically lack diagnosis function. Additional imaging moiety is required to monitor their in vivo behaviour and evaluate their therapeutic outcome. (16) In past years, the emerging application of fluorescence metal (e.g., gold and silver) nanoclusters has gained increased attention for fluorescence imaging, (17, 18) diagnosis, (19, 20) and cancer radiotherapy.(21) Gold fluorescence nanoclusters (GNC) protected with bovine serum albumin (BSA) or short peptide both display good biocompatibility, highly fluorescence emission in the near infrared (NIR) region (i.e., 650-750 nm), and superior photoand chemical stability compared to organic dyes or quantum dots. (22, 23) The BSA-protected GNC has a particle size in several to ten nanometers, allows its escape from the RES absorption in the liver and quick kidney clearance, which can thus avoid liver accumulation and minimize its side effect of GNCs for biomedical application. (24) (25) (26) In this study, to develop a nanoplatform for theranostic of breast cancer, we employed BSA-protected GNC nanoparticle as a dual-functional nanoplatform for drug delivery and fluorescence imaging of the tumor. The GNC nanoparticles were firstly conjugated with a reduction-sensitive cisplatin prodrug (cis,cis,trans-[Pt(NH3)2Cl2(OH) (O 2 CCH 2 CH 2 CO 2 H)]) (MDDP), and then functionalized with a targeting ligand folic acid (FA). FA can target the breast tumors by recognizing the folate receptor α (FR-α) overexpressed on the surface of the cancer cells. We demonstrated that using a highly aggressive 4T1 breast cancer cell line and its orthotopic tumor model, the prodrug and FA dual-conjugated GNC nanoparticles could selectively accumulate inside the tumour and the cancer cells. The nanoparticles could efficiently inhibit the growth of the primary tumor and suppress the metastasis of the cancer cells to the lung (Fig. 1) .
Results and discussion

Synthesis and characterization of FA-GNC-Pt nanoparticles
BSA-protected fluorescence GNC nanoparticles were synthesized by in-situ reduction of chlorauric acid. The successful synthesis of BSA-protected GNC nanoparticles was confirmed by fluorescence spectrophotometric and imaging examination, respectively (Fig. 2a) . GNC nanoparticles were firstly conjugated with hydrophilic cisplatin MDDP to obtain prodrug conjugated GNC nanoparticles (namely GNC-Pt) (see Fig. S1 -3 for synthesis and characterization of the MDDP prodrug). The mass percentage of Pt in the lyophilized GNC-Pt was 0.94±0.7% as determined by using inductively coupled plasma mass spectrometric (ICP-MS) measurement. Accordingly, three MDDP molecules were conjugated on each GNC nanoparticles in average. Cisplatin was used in this study because it is a first-line anti-cancer drug used for treating a wide diversity of malignant tumors. MDDP can readily be reduced to cisplatin with glutathione (GSH) as confirmed by high performance liquid chromatography/mass spectrometry (HPLC/MS) measurement (Fig. S4) . This is in good consistence with the literature report. (27) The resulting GNC-MDDP nanoparticles were then functionalized with FA-PEG5k-COOH to obtain FA-GNC-Pt for tumor targeted fluorescence imaging and drug delivery. To conjugate FA on GNC nanoparticles, FA molecular was firstly coupled with 2-aminoethyl disulfide pyridine and then reduced with Tris(2-carboxyethyl) phosphine (TCEP) to obtain 2-aminoethylthiol FA (Fig. S5) .
It has been well defined that modification of the γ carboxylate group of FA insignificantly impairs the binding affinity of FA with the FR-α). (28) To verify the successful conjugation of 2-aminoethyl disulfide pyridine on the γ carboxylate group of FA, We used to 1 H-NMR spectrum to examine the chemical structure of 2-aminoethyl disulfide pyridine FA. The triplicate peak assigned to the proton of the methylene group next to the γ-carboxylate group split into a broad peak after coupled 2-aminoethyl disulfide pyridine with FA. In contrast, the chemical shift and peak shape of the proton assigned to α-methylene group was not changed (Fig. S6) , implying the formation of the amide bond between the γ-carboxylate group of FA and the amine group of 2-aminoethyl disulfide pyridine. 2-aminoethylthiol FA was conjugated on MAL-PEG5k-COOH through the Michael addition between the thiol group and the double bond of the maleimid group ( Fig. S7 for 1 H-NMR spectra of FA-PEG5k-COOH).
FA-functionalized PEG spacer was then conjugated on the GNC-Pt nanoparticles via the amidation reaction between the carboxylate group of PEG and the ε-amine groups of the lysine residue in BSA (Fig.  1) . The synthesis of FA-GNC-Pt nanoparticles was successively examined by UV-Vis spectroscopic examination. The absorption of GNC-Pt nanoparticles increased at 365 nm after grafted with FA-PEG5k-COOH, confirming the successful conjugation of FA on GNC nanoparticles. Five FA molecules were found on each GNC nanoparticle as determined using UV-Vis spectrophotometric measurement (Fig. S8) . To do that, we firstly established a standard curve by measuring the absorption of FA-PEG-COOH at 365 nm, and then calculated the FA grafting density by measuring the absorption increase at 365 nm of GNC-Pt suspension before and after FA-PEG conjugation, respectively.
GNC nanoparticles displayed negligible UV-Vis absorption at 540 nm after modified with the MDDP prodrug and FA-PEG spacer, implying no GNC aggregate formed during the conjugation reaction. MDDP modification impaired around 30% fluorescence emission of GNC nanoparticles due to the heavy atom effect of Pt compounds for fluorescence quenching. (29) Conjugation of FA-PEG showed negligible influence on the fluorescence emission of the GNC-Pt nanoparticles (Fig. 2a) . In order to elucidate the rule of FA-conjugation on the cellular targeting effect of the GNC nanoparticles, a FA-free PEG spacer was conjugated on MDDP-modified GNC to obtain GNC-Pt nanoparticles. The particle size of GNC and FA-GNC-Pt nanoparticles was determined using dynamic light scattering (DLS) examination. Fig. 2b&c showed that the hydrodynamic diameter of GNC nanoparticles increased by 24% from 7.1 ± 1.1 nm to 8.8 ± 1.8 nm after conjugated with three MDDP and five FA-PEG molecules. The influence of MDDP conjugation on the surface charge was examined using zeta potential measurement. The surface charge of GNC decreased from -18.0 mV to -25.0 mV when conjugated with MDDP since the amino groups of the lysine residues were consumed during the coupling reaction. After FA-PEG conjugation, the surface charge of the resulting FA-GNC-Pt increased slightly to -21.0 mV due to the shielding effect of the PEG corona (Fig. 2d) . Conjugation of MDDP and FA-PEG did not induce aggregation of GNC nanoparticles as confirmed by transmission electron microscopic (TEM) measurement (Fig. 2e&f) . ICP-MS measurement revealed that over 65% of cisplatin conjugated on GNC-Pt nanoparticles was released in 8 h in the presence of 5.0 mM GSH (Fig. S9) mimicking the intracellular reduction condition of the cancer cells. (30) In contrast, less than 20% of cisplatin was liberated from GNC-Pt nanoparticles in the absence of GSH. The cisplatin release profile implied that cisplatin can efficiently be released from the GNC-Pt nanoparticles via GSH reduction.
Intracellular uptake and distribution of FA-GNC-Pt nanoparticles
We next examined the tumor targeting ability of FA-GNC-Pt nanoparticles using flow cytometric measurement. As shown in Fig. 3a-d The flow cytometric and CLSM data consistently confirmed that FA modification significantly accelerated the internalization of the FA-GNC-Pt nanoparticles due to the specific interaction between FA and the folate receptor.(32) The cellular uptake of the FA-GNC-Pt nanoparticles can be blocked by pretreating the 4T1 cells with free folic acid, further confirming the accelerated internalization of the FA-GNC-Pt nanoparticles was caused by the specific interaction between folic acid and FR-α (Fig. S10) . Notably, the intracellular fluorescence intensity determined by flow cytometric measurement became comparable at 6 or 10 h post nanoparticle incubation (Fig. 3e) . A similar phenomenon was also observed in our previous investigation,(33) and the literature report. (34) This might imply that FA modification insignificantly increased the total amount of the nanoparticles entering the cells although it strongly accelerates the internalization of the nanoparticles.
Cytotoxicity of FA-GNC-Pt nanoparticles in vitro
The cytotoxicity of FA-GNC-Pt nanoparticles was evaluated in 4T1 cells by using MTT assay. We firstly treated 4T1 cells with various formulations for 4 or 36 h, and then measured the cell viability at 36 h post nanoparticle addition. As shown in Fig. 4a , after 4 h incubation, FA-GNC-Pt nanoparticles displayed the much higher cytotoxicity than CDDP, GNC-Pt or MDDP. The cytotoxicity of FA-GNC-Pt and GNC-Pt nanoparticles became comparable while notably increased when the incubation time was elongated to 36 h (Fig. 4b) . To quantitively compare the cytotoxicity of FA-GNC-Pt and GNC-Pt nanoparticles, their IC50 values post 36 h incubation were calculated and included in Fig. 4c . GNC-Pt nanoparticles displayed an IC 50 value of 23.1 µM, 4.4-fold lower than that of the MDDP prodrug. The IC 50 value of GNC-Pt nanoparticles was further reduced to 17.5 µM by modifying with FA, which was 5.8 and 1.8-fold lower than that of the MDDP prodrug and the GNC-Pt nanoparticles, respectively. It has been reported by Wooly et al that the cytotoxicity of cisplatin was notably suppressed by complexed it on the shell of a shell-crosslinked micelle nanoparticles. (35) This might be caused by the limited release of cisplatin payload from the nanoparticles (less than 30% of cisplatin payload was released in 120 h). In contrast, over 65% of MDDP conjugated on the GNC nanoparticles was efficiently converted to cisplatin and released from the nanoparticles in 6 h in the presence of 5.0 mM GSH. Moreover, the internalization of MDDP might also be improved by conjugating on GNC nanoparticles since MDDP is highly water soluble and hard to trans-cross the cell membrane. (27) These two factors might synergistically contribute to the improved cytotoxicity of the MDDP prodrug.
We further compared the cytotoxicity of GNC-Pt and FA-GNC-Pt nanoparticles by apoptosis analysis. As shown in Fig. 4d-g, after 4h incubation, FA-GNC-Pt nanoparticles induced 16% of 4T1 cells to be in early or late stage of apoptosis, 1.8-fold more efficient than GNC-Pt nanoparticles. The apoptosis percentage of 4T1 cells treated with FA-GNC-Pt increased notably when the incubation time was increased to 36 h as that found by MTT assay (Fig.  4h-k) . The MTT assay and apoptosis analysis data suggested that FA-GNC-Pt nanoparticles efficiently delivered MDDP prodrug into 4T1 cells via FA-enhanced internalization, where MDDP was reactivated by GSH-mediated reduction or other mechanisms. 
Biodistribution of FA-GNC-Pt nanoparticles in vivo
We next performed fluorescence imaging to evaluate the in vivo distribution of FA-GNC-Pt nanoparticles. The whole animal fluorescence images clearly demonstrated tumor targeted distribution of FA-GNC-Pt nanoparticles 2 h post tail vein injection (Fig. 5a&b) . The major organs (i.e., heart, liver, spleen, lung and kidney) and the tumors were collected at the desired time points post nanoparticle administration. The organ fluorescence intensity was integrated, reduced with the background noise and normalized with the organ mass. As shown in Fig. 5c -e, GNC-Pt nanoparticles reached the highest tumor distribution 2 h post injection, and decreased quickly over time, implying the GNC-Pt nanoparticles were eliminated through the blood circulation. On the contrary, FA-GNC-Pt nanoparticles displayed the highest tumoural accumulation 1 h post nanoparticle injection and then decreased slowly. Moreover, FA-GNC-Pt displayed higher tumoural fluorescence intensity than GNC-Pt at all the time points examined. For instance, the tumoral fluorescence intensity of FA-GNC-Pt group was 2.3-fold higher than that of GNC-Pt one. The difference was amplified by 5.5-fold when examined at 12 h post nanoparticle administration, implying the tumoural distribution and retention of GNC-Pt nanoparticles was significantly enhanced by modified with FA ligand.
Both GNC-Pt and FA-GNC-Pt nanoparticles predominantly distributed in the kidney and tumor in comparison with the spleen, liver, heart, and lung at the early stage post nanoparticle injection (i.e., 1 and 2 h), implying both of them could escape the RES absorption ( Fig. 5c-e) . The kidney concentration of GNC-Pt and FA-GNC-Pt nanoparticles decreased stepwise due to renal clearance. Notably, although FA-GNC-Pt nanoparticles displayed increased liver accumulation at the first 4 h post injection, they were cleared rapidly due to their small hydrodynamic particle size. (21) The organ biodistribution data clearly suggested that FA-modified GNC-Pt fluorescence nanoparticles could efficiently escape from the RES capture and realize kidney clearance.
Anti-tumor and biosafety assay of FA-GNC-Pt nanoparticles
The anti-tumor property of FA-GNC-Pt nanoparticles was evaluated in 4T1 tumor bearing nude mouse model. To do that, 4T1-Luc breast cancer cells were subcutaneously injected on the right mammary gland of the nude mice. The mice were randomly grouped when the tumor volume reached 100 mm 3 , and then i.v. injected with CDDP, MDDP, GNC-Pt or FA-GNC-Pt at an identical Pt dose of 1 mg/kg. The nude mice injected with PBS or GNC nanoparticles were set as negative control. GNC-Pt nanoparticles displayed good anti-tumor ability to delay 65% of tumor growth in compared with that of the PBS group (Fig. 6a) . This implied that although the fluorescence imaging data showed that the majority of the GNC-Pt nanoparticles were cleared off in 12 h post i.v. injection through blood flow (Fig. 5c) , the MDDP prodrug retained in the tumor and internalized by the cancer cells was still sufficient to suppress proliferation of the cancer cells. FA-GNC-Pt nanoparticles showed significantly better anti-tumor property to inhibit over 80% of the tumor growth, which could be attributed to the synergetic effect between the EPR effect and FA-enhanced tumoral accumulation and cellular uptake of FA-GNC-Pt. GNC nanoparticles showed negligible influence on the tumor growth, further confirming that the anti-tumor effect of the GNC-Pt and FA-GNC-Pt nanoparticles was attributed to the cytotoxicity of cisplatin, reduced from MDDP.
The 4T1 tumor model selected in this study is also highly aggressive for lung metastasis. Therefore, we examined the lung metastasis suppression efficiency of FA-GNC-Pt nanoparticles at the end of anti-tumor studies. The lungs were freshly collected, photographed, examined by bioluminance imaging (BLI) and hematoxylin-eosin (H&E) staining, respectively. The photographs of the lungs clearly showed the formation of metastatic lesions in the lungs of MDDP and CDDP groups, comparable to that in PBS and GNC groups (Fig. 6b) . In contrast, the lung metastasis of 4T1 cells was significantly inhibited with the FA-GNC-Pt nanoparticles. Moreover, 6.5 ± 0.5 metastasis lesions were found in each lung of the FA-GNC-Pt mouse group, 53.8% less than that found in the GNC-Pt group, confirming statistically better anti-metastasis ability of FA-GNC-Pt nanoparticles than GNC-Pt. The superior anti-metastasis property of FA-GNC-Pt was further confirmed by BLI examination, metastasis lesion counting and H&E staining, respectively (Fig. 6c&d) . This can be most likely explained by the good ability of the FA-GNC-Pt nanoparticles to inhibit the growth of the primary tumor, and successively suppress the metastasis potential of the cancer cells. (36) The systemic toxicity of the FA-GNC-Pt nanoparticles was evaluated by H&E staining of the major organs (i.e. liver, spleen and kidney). As shown in Fig.  7 , although CDDP caused obvious tubular atrophy and necrosis due to its severe nephrotoxicity, FA-GNC-Pt nanoparticles did not induce notable histological change of the kidney, as well as the liver and spleen. FA-GNC-Pt nanoparticles caused unobvious body weight change (Fig. S11) . The H&E and body weight data consistently confirmed a good biocompatibility of the FA-GNC-Pt nanoparticles. A pioneer study reported by Lippard et al. exploited targeted delivery of MDDP prodrug by using FA-modified single walled carbon nanotube (SWCN). (28) It was demonstrated that SWCN-based nanoplatform specifically delivered the prodrug to FR-α overexpressed KB cancer cells and the MDDP prodrug could be reactivated to crosslink nuclear DNA inside the cells. Although promising, the anti-cancer study was conducted in cell culture level only. The biosafety issue might be another concern for medical application of SWCN-based drug delivery system. In contrast, we employed BSA-protected GNC nanoparticle as a dual-functional nanoplatform in this study for targeted delivery of the cisplatin prodrug and fluorescent tumor imaging, which is of several advantages over that based on SWCN. Firstly, GNC nanoparticles are biodegradable and biocompatible since we used BSA serum protein for nanoparticle synthesis. For clinical translation, BSA can be replaced with human serum protein (HSA) without obviously changing the chemo-physical properties of the nanoparticles (data not shown). Secondly, the prodrug and FA dual-conjugated GNC nanoparticles could selectively accumulate in orthotopic 4T1 tumor model. The nanoparticles displayed high fluorescence signal for nanoparticle tracking and tumor imaging. The nanoparticles could efficiently inhibit the growth of the primary tumor and suppress the metastasis of the cancer cells to the lung. Moreover, the hydrodynamic diameter of FA-GNC-Pt is in several to ten nanometers, thus allows escape from RES absorption in the liver and quick kidney clearance, which can avoid liver accumulation and minimize the side effect of FA-GNC-Pt nanoparticles.
Conclusion
In summary, we reported a GNC-based theranostic nanoplatform for targeted fluorescence imaging and chemotherapy of the metastatic breast cancer. The GNC nanoparticles were covalently conjugated with a targeting ligand of FA and a cisplatin prodrug MDDP. The nanoparticles induced significant cellular apoptosis upon intracellular activation of the cisplatin prodrug. An in vivo distribution assay showed that the FA-GNC-Pt nanoparticles efficiently escaped the RES capture and actively accumulated in the orthotopically implanted breast tumor. The nanoparticles also displayed high efficiency to simultaneously inhibit the growth and lung metastasis of 4T1 breast tumor. All these results suggested a good po-
